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(57) ABSTRACT 

A source sequence of symbols is communicated over a 
communications medium by encoding the source sequence 
according to respective first and second error correction 
codes to produce respective first and second encoded 
sequences of symbols. The first and second encoded 
sequences are processed to produce a communications 
signal, which is then communicated over the communica- 
tions medium. The communicated communications signal is 
processed to produce first and second received sequences of 
symbols corresponding to the first and second encoded 
sequences, respectively. The first and second received 
sequences are selectively recursively decoded according to 
the associated error correction codes augmented by previous 
estimates of a symbol of the source sequence to repeatedly 
produce revised estimates of the symbol until an estimate 
satisfying a predetermined reliability criteria is obtained. 
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COMMUNICATIONS SYSTEM AND 
METHODS EMPLOYING SELECTIVE 
RECURSIVE DECORDING 

HELD OF THE INVENTION 

The present invention relates to communications systems 
and methods, in particular, to communications systems and 
methods employing error correction. 

BACKGROUND OF THE INVENTION 

In a typical communications system, information is trans- 
mitted from a sender in the form of a communications signal 
representing the information. The communications signal 
typically is communicated to a receiving unit over a com- 
munications medium such as a radio, optical fiber, coaxial 
cable or similar link, which may introduce disturbances such 
as noise, delay, and distortion in the communications signal. 
These disturbances can induce errors when recovering the 
original information from the communicated communica- 
tions signal at the receiving unit. 

Conventional responses to overcome this problem include 
increasing the power level of the transmitted communica- 
tions signal in order to increase the probability that the 
original information may be recovered. However, the ability 
to increase transmitter power may be limited due to power 
limitations of transmitter electronics, regulations on peak 
signal power levels and constraints on the power available 
for transmitting, for example, power supply limitations in 
devices such as mobile radiotelephones and satellites. 

Redundancy may be introduced into a communications 
signal by using error control coding techniques. Redundant 
symbols supplied in a code such as block or convolutional 
code can provide an additional "separation" between the 
words of the set of code words, thus allowing a receiver 
which receives a group of symbols over a noisy communi- 
cations channel to more easily discriminate between words 
of the set of code words, typically by determining which 
member of the set of code words most closely resembles the 
received group of symbols. 

Many error control codes are effective at correcting 
random errors, e.g., errors which affect individual symbols 
in a random distributed fashion, while others are effective at 
compensating for so-called "burst" errors, e.g., errors which 
persist over several consecutive symbols. To compensate for 
burst errors, many systems employ interleaving which reor- 
ders symbols in a stream such that burst errors are more 
randomly distributed, for example, by using a device which 
stores the symbol stream in a matrix by rows and then 
retrieves the stored symbols by columns, such that the 
sequence retrieved from the device represents a reordering 
of the original input sequence. To combat random and burst 
errors, a system may employ a combination of random error 
correction encoding and interleaving, for example a cascade 
of a binary convolutional code and an interleaver, or a 
so-called "turbo coding" scheme, as described in U.S. Pat. 
No. 5,446,747 to Berrou et al. T\irbo coding schemes 
typically employ a first code to encode a source data stream 
and a second code to encode an interleaved version of the 
source data stream to produce first and second encoded 
streams which are multiplexed and communicated over a 
channel. The received data stream typically is demultiplexed 
and decoded by first and second decoders employing the first 
and second codes, with appropriate interleaving and 
deinterleaving, with the output of one decoder being used to 
aid the other decoder in decoding the demultiplexed 
sequences in an iterative fashion. 
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While techniques such as turbo-coding are generally 
effective at reducing error rates for information communi- 
cated over a channel, conventional decoding schemes may 
not optimally decode the received information under various 
5 channel conditions. Turbo-coding can provide improved 
power efficiency, but may involve a large number of com- 
putations which may be unnecessary under favorable chan- 
nel conditions and which may unnecessarily consume 
power. 

10 

SUMMARY OF THE INVENTION 

In light of the foregoing, it is an object of the present 
invention to provide communications systems and methods 
which more eflBciently decode communications signals rep- 
resenting parallel encoded source sequences. 

This and other objects features and advantages are pro- 
vided according to the present invention by communications 
systems and methods in which a communications signal 

2Q representing a parallel encoded source sequence is selec- 
tively recursively decoded to produce estimates of a symbol 
in the source sequence based on a respective reliability 
associated with a respective revised estimate of the symbol. 
Preferably, the communications signal is processed to pro- 

25 duce first and second sequences corresponding to the first 
and second error correction codes used to produce the 
communications signal, and then the received sequences are 
decoded in respective first and second soft output decoders. 
In a respective soft output decoder, a sequence is decoded 

3Q according to the corresponding error correction code, aug- 
mented by previous estimates produced by the other 
decoder. Preferably, one of the first and second soft output 
decoders is chosen to first estimate the symbol based on a 
signal characteristic, e.g., signal strength, associated with 

25 the first and second received sequences. A selected group of 
symbols or bits of the source sequence, for example, a group 
of less significant symbols or bits, may be nonrecursive 
decoded, while another group of symbols or bits, for 
example, a group of more significant symbols or bits, may 
be selectively recursively decoded. EfiBcient techniques for 
decoding parallel encoded signals are thereby provided. 

In particular, according to the present invention, a com- 
munications system includes encoding means for encoding 
a source sequence according to respective first and second 

45 error correction codes to produce respective first and second 
encoded sequences of symbols. Communications symbol 
processing means are responsive to the encoding means for 
processing the first and second encoded sequences to pro- 
duce a communications signal. Communications signal 

50 communicating means are responsive to the communica- 
tions symbol processing means for communicating the com- 
munications signal over a communications medium, and 
communications signal processing means are responsive to 
the commimications signal commimicating means for pro- 

55 cessing the communicated communications signal to pro- 
duce first and second received sequences of symbols corre- 
sponding to the first and second encoded sequences, 
respectively. Selective recursive decoding means are respon- 
sive to the communications signal processing means for 

60 selectively recursively decoding the first and second 
received sequences according to the respective first and 
second codes augmented by previous estimates of a symbol 
of the source sequence to repeatedly produce revised esti- 
mates of the symbol until a revised estimate satisfying a 

65 predetermined reliability criterion is obtained. 

'ITie encoding means may include first encoding means for 
encoding the source sequence according to the first error 
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correction code to produce the first encoded sequence, and symbol produced by the second decoding means fails to 
second encoding means for encoding the source sequence satisfy a predetermined reliability criterion. The second 
according to the second error correction code to produce the decoding means is responsive to the error detection decod- 
second encoded sequence. The communications symbols ing means to decode the second received sequence accord- 
processing means may include multiplexing means, respon- 5 ing to the second error correction code augmented by a 
sive to the first and second encoding means, for multiplexing reliabihty metric produced by the error detection decoding 
the first and second encoded sequences to produce a multi- means to produce a second estimate of a symbol of the 
plexed sequence of symbols. Means may be provided, source sequence if the reliability metric produced by the 
responsive to the multiplexing means, for processing the error detection decoding means indicates that a previous 
multiplexed sequence to produce the communications sig- 50 estimate of the symbol produced by the first decoding means 
nal. According to one aspect, the encoding means further fails to satisfy a predetermined reliability criterion, 
includes interleaving means for interleaving the source According to another aspect of the invention, the selective 
sequence to produce an interleaved source sequence, and recursive decoding means may include means for maximum 
one of the first and second encoding means is responsive to likelihood decoding the first received sequence to produce a 
the encoding means for encoding the interleaved source 55 first estimate of a symbol of the source sequence and a path 
sequence. metric associated therewith. Means are provided, responsive 
According to one embodiment, the selective recursive lo the means for maximum likelihood decoding, for decod- 
decoding means includes first soft output decoding means, "^8 ^be second received sequence to produce a second 
responsive to the communications signal processing means, estimate of the symbol if a predetermined function of the 
for decoding the first received sequence according to the first 20 P^^^ metric associated with the first estimate is outside of a 
error correction code, and second soft output decoding predetermined range. According to another aspect, the selec- 
means, responsive to the communications signal processing ^i^® recursive decoding means includes means for maximum 
means, for decoding the second received sequence accord- a posteriori (MAP) decoding the first received sequence to 
ing to the second error correction code. The first soft output produce a first MAP estimate of a symbol of the source 
decoding means is responsive to the second soft output 25 sequence and a reliability metric associated therewith, and 
decoding means to decode the first received sequence means are provided, responsive to the means for MAP 
according to the first error correction code augmented by a decoding, for decoding the second received sequence to 
soft output produced by the second soft output decoding produce a second estimate of the symbol if the reliability 
means to produce a first estimate of a symbol of the source metric associated with the first MAP estimate is outside of 
sequence if a previous estimate of the symbol produced by 30 a predetermined range. 

the second soft output decoding means fails to satisfy a The system may further includes means for nonrecur- 

predetermined rehab ility criterion. The second soft output sively decoding at least one of the first and second received 

decoding means is responsive to the first soft output decod- sequences according to the associated error correction codes 

ing means to decode the second received sequence accord- to produce estimates of a first group of symbols in the source 

ing to the second error correction code augmented by a soft 35 sequence. The selective recursive decoding means may 

output produced by the first soft output decoding means to include means for recursively decoding the first and second 

produce a second estimate of a symbol of the source received sequences to produce estimates of a second group 

sequence if a previous estimate of the symbol produced by of symbols of the source sequence. The second group of 

the second soft output decoding means fails to satisfy a symbols may represent information of a greater importance 

predetermined reliability criterion, 40 than information represented by the first group of symbols, 

According to another embodiment, the system includes example, the second group of symbols may include 

error detection encoding means for encoding the source symbolsof greater significance than symbols included in the 

sequence according to an error detection code to produce an fi^sl group of symbols. By nonrecursively decoding less 

error detection encoded sequence, while the encoding means important symbols, decoding may be achieved with fewer 

includes means for encoding the error detection encoded 45 computations. 

sequence according to the first and second error correction ^lie system may also include error detection encoding 

codes to produce the first and second encoded sequences. means for encoding the source sequence according to an 

The selective recursive decoding means includes first decod- error detection code, e.g., a cyclic redundancy code (CRC), 

ing means, responsive to the communications signal pro- to produce an error detection encoded sequence, and the 

cessing means, for decoding the first received sequence 50 encoding means may include means for encoding the error 

according to the first error correction code to produce an detection encoded sequence according to the first and second 

estimate of a symbol of the source sequence, second decod- error correction codes to produce the first and second 

ing means, responsive to the communications signal pro- encoded sequences. The selective recursive decoding means 

cessing means, for decoding the second received sequence may include means for decoding the first received sequence 

according to the second error correction code to produce an 55 according to the first error correction code to produce an 

estimate of a symbol of the source sequence, and error estimate of a symbol of the source sequence, and means for 

detection decoding means, responsive to the first and second decoding the estimate according to the error detection code 

decoding means, for decoding an estimate produced by the to produce a reliability metric for the estimate, 

first decoding means or by the second decoding means to According to another aspect, the selective recursive 

thereby produce a reliability metric for the estimate. The first 60 decoding means includes means for first decoding one of the 

decoding means is responsive to the error detection decod- received sequences having a preferred signal characteristic, 

ing means to decode the first received sequence according to e.g., a greater signal strength, associated therewith. Means 

the first error correction code augmented by a refiability for determining a respective signal characteristic for a 

metric produced by the error detection decoding means to respective one of the received sequences may also be 

produce a first estimate of a symbol of the source sequence 65 provided. The selective recursive decoding means may also 

if the rehability metric produced by the error detection include means for decoding the first received sequence to 

decoding means indicates that a previous estimate of the produce a first estimate of a symbol of the source sequence. 
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the first estimate having a reliability associated therewith, from the detailed description that follows and by reference 

and means for decoding the second received sequence to the accompanying drawings in which: 
according to the second error correction code augmented by pjo. l illustrates a communications system according to 

the first estimate of the symbol of the source sequence to ^jjg present invention- 
produce a second estimate of the symbol if the first estimate 5 11 . * ' 111 J- J- * 
of the symbol satisfies a first rehabUity criterion, and for ^ illustrates parallel encodmg accordmg to an 

decoding the second received sequence according to the embodmaent of a communicaUons system accordmg to the 

second error correction code augmented by a predetermined present invention; 

reference value if the first estimate of the symbol satisfies a FIG. 3 illustrates selective recursive decoding according 

second reliability criterion. TTie first predetermined reliabil- lo an embodiment of a communications system according to 

ity criterion may represent a greater reliability than the the present invention; 

second predetermined reliability criterion. FIG. 4 illustrates parallel encoding with error detection 

According to method aspects, a source sequence of sym- according to another embodiment of a communications 

bols is communicated over a communications medium by system according to the present invention; 
encoding the source sequence according to respective first piG. 5 illustrates selective recursive decoding according 
and second error correction codes to produce respective fir^t .mother embodiment of a communications system accord- 

and second encoded sequences of symbols. The first and ^ ^^^^^ invention; 

second encoded sequences are processed to produce a com- *^t^ ^ -i, i ■ ... 

munications signal, which is then communicated over the illustrates selective recursive decodmg according 

communications medium. The communicated communica- !° embodiment of a communicaUons system accord- 

tions signal is processed to produce first and second received 20 ^S. to the present invention; 

sequences of symbols corresponding to the first and second P^^* iUustrates operations for communicating a source 

encoded sequences, respectively. The first and second sequence over a communications medium according to the 

received sequences are selectively recursively decoded present mvention; 

according to the associated error correction codes aug- FIG. 8 illustrates selective recursive coding operations 
mented by previous estimates of a symbol of the source 25 according to an aspect of the present invention; 
sequence to repeatedly produce revised estimates of the FIG. 9 illustrates selective recursive decoding operations 

symbol until an estimate satisfying a predetermined reliabil- according to another aspect of the present invention; and 
ity criteria is obtained. FIG. 10 illustrates combined recursive and nonrecursive 

The first and second received sequences may be selec- decoding operations according to another aspect of the 

lively recursively decoded by maximum likelihood decod- present invention. 

ing the first received sequence to produce a first estimate of DETAILED DESCRIPTION OF PREFERRED 

a symbol of the source sequence and a path metric associated EMBODIMENTS 
therewith, and decoding the second received sequence to 

produce a second estimate of the first symbol if a predeter- P^^^"^ mvention now will be described more fuUy 

mined function of the path metric associated with the first 35 hereinafter with reference to the accompanying drawings, in 

estimate is outside of a predetermined range. Similariy, the "^^^^^ embodiments of the invention are shown. This mven- 
received sequences may be selectively decoded by maxi- "^y* however, be embodied in many different forms and 

mum a posteriori (MAP) decoding the first received ^^^^^^ construed as limited to the embodiments set 

sequence to produce a first MAP estimate of a symbol of the ^^^^^ ^^^^^^'^ ^^^^^^ ^^^^^ embodiments are provided so that 

source sequence and a reliability metric associated this disclosure will be thorough and complete, and wiU fully 

therewith, and decoding the second received sequence to convey the scope of the invention to those skilled in the art. 
produce a second estimate of the first symbol if the reliabil- drawings, like numbers refer to like elements through- 

ity metric associated with the first MAP estimate is outside 

of a predetermined range. According to another method FIG. 1 illustrates a communications system 100 according 

aspect, encoding of the source sequence according to the to the present invention. The communications system 100 

first and second error correction codes may be preceded by includes encoding means 110 for encoding a source 

encoding the source sequence according to an error detec- sequence of symbols 105 according to respective first and 

tion code, e.g., a CRC, and selective recursive decoding may second error correction codes to produce respective first and 

include decoding the first received sequence according to the second encoded sequences 115a, il5b. The first and second 
first error correction code to produce an estimate of a symbol 50 encoded sequences 115fl, 1156 are processed by communi- 

of the source sequence, and then decoding the estimate cations symbol processing means 120 to produce a commu- 

according to the error detection code to produce the reli- nication signal 125 which is communicated over a commu- 

ability metric for the estimate. The first received sequence nications medium by communications signal 

may be decoded to produce a first estimate of a symbol of communicating means 130. The communicated communi- 
the source sequence and the second received sequence may 55 cations signal 135 is processed by communications signal 

then be decoded according to the second error correction processing means 140 to produce first and second received 

codeaugmentedby the first estimate of the symbol if the first sequences 145^1, 1456 which correspond to the first and 

estimate satisfies a first reliability criterion or according to second encoded sequences 115fl, 1156, To produce an esti- 

the second error correction code augmented by a predeter- ^^^^ 1^5 of a symbol of the source sequence 150, selective 

mined reference value if the first estimate satisfies a second recursive decoding means 150 recursively decode the first 
reliability criterion. The first predetermined reliability cri- second received sequences 145a, 1456 according to the 

terion preferably represents a greater reliability than the respective first and second error correction codes augmented 
second predetermined reliability criterion, previous estimates of the symbol to repeatedly produce 

TjDicc nccr-DTD-nnxT -rue r^n a«;ikt^o revised estimates of the symbol until an estimate of the 

BRIEF DESCRIPTION OF THE DRAWINGS ^y^^ol satisfying a predetermined reliability criterion, e.g., 

Some of the objects and advantages of the present inven- a symbol having an associated reliability metric within a 

tion having been stated, others will be more fully understood predetermined range, is obtained. 
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Those skilled in the art will appreciate that the encoding 
means 110, the communication symbol processing means 
120, communications signal communicating means 130, 
communications signal processing means 140, and selective 
recursive decoding means 150 may be implemented using a 5 
variety of hardware, software or combinations thereof. For 
example, the encoding means 110 may be implemented 
using software running on a computer, microprocessor or 
other data processing apparatus, firmware running on special 
purpose hardware such as digital signal processing (DSP) jq 
chips, or combinations thereof. The communications sym- 
bols processing means 120 may include such commonly 
used communications components as multiplexers, 
interleavers, digital to analog converters (D/As), 
modulators, and the like. Functions of the encoding means 
110 and the communications symbols processing means 120 
may, for example, be integrated in special purpose hardware 
and/or software such as an application specific integrated 
circuit (ASIC), or may be distributed among different com- 
ponents. Communications signal communicating means 130 20 
may be implemented with commonly used communications 
components such as amplifiers, antennas, receivers, and the 
like which are appropriate for the communications medium 
used, e.g., a radio link, fiber optic link, coaxial cable and the 
like. The operations of these components are well-known to ^5 
those skilled in the art and need not be described in greater 
detail herein. 

According to preferred embodiments, the encoding means 
110 and the communications symbol processing means 120 
perform a parallel coding function which produces a com- 30 
munication signal 125 which represents a combination of 
separately encoded versions of the source sequence 105. 
Referring to FIG. 2, encoding means 110 is illustrated 
including first encoding means 112 for encoding the source 
sequence 105 according to a first error correction code. 35 
Second encoding means 116 is also provided for encoding 
the source sequence 105 according to a second error cor- 
rection code, preferably after interleaving in interleaving 
means 114. The first and second encoded sequences 115a^ 
llSh thereby produced are multiplexed in multiplexing 40 
means 122 and processed in processing means 124 to 
produce the communications signal 125. As described 
above, these elements of the encoding means 110 and the 
communications symbol processing means 120 may be 
implemented using special-purpose hardware, software run- 45 
ning on special or general purpose data processors, or 
combinations thereof. 

The communicated communications signal 135 is 
decoded using a selective recursive decoding scheme. 
According to one embodiment illustrated in FIG. 3, the 50 
communicated communications signal 135, which generally 
corresponds to the communications signal 125 subject to 
noise, fading and other disturbances introduced by the 
communications medium and/or the communications signal 
communicating means 130, is processed in communications 55 
signal processing means 140. In particular, the communi- 
cated signal 135 preferably is processed in processing means 
142, e.g., a matched filter and associated sampler, to produce 
a sequence of symbols which is then demultiplexed in 
demultiplexing means 144, preferably according to the 60 
multiplexing sequence used in the communications symbol 
processing means 120, to produce the first and second 
received sequences 145a, 1456 corresponding to the first 
and second encoded sequences 115fl, 115f>. 

For the embodiment of an apparatus 300 for decoding an 65 
encoded commimications signal illustrated in FIG. 3, the 
selective recursive decoding means 150 includes first and 
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second soft output decoding means 152fl, 1526 for decoding 
the respective first and second received sequences 145a, 
1456 according to the respective first and second error 
correction codes. Each of the first and second soft output 
decoding means 152a, 1526 produces a soft output 153a, 
1536 indicating a reliability of a symbol estimate produced 
by the soft output decoding means 152a, 1526. The soft 
output 153a, 1536 from a soft output decoding means 152a, 
1526 is fed back into the other decoding means 152a, 1526 
for use in augmenting the decoding of the first and second 
received sequences 145a, 1456. 

Those skilled in the art will appreciate that the first and 
second soft output decoding means 152a, 1526 may utilize 
a number of different decoding techniques or algorithms. For 
example, the first and second soft output decoding means 
152a, 1526 may employ a soft output decoder of the type 
described in U.S. patent application Ser. No. 08/699,101 
now U.S. Pat. No. 5,968,198 to Hassan et al., commonly 
assigned to the assignee of the present invention. According 
to the decoder described therein, a maximum a posteriori 
(MAP) estimate is generated for a symbol which is to be 
decoded, and then a soft information value is produced for 
each bit position in the symbol, the soft information output 
providing an indication of the relative probabilities of a 
particular bit having a particular binary value. Other types of 
decoders which produce a soft information output which 
may be used with the present invention include, for example, 
a symbol estimator as described in "Optimal decoding of 
linear codes for minimizing symbol error rate," by Bahl et 
al, or a maximum likelihood sequence estimator utilizing a 
soft output Viterbi algorithm (SOVA) which produces path 
metrics, functions of which may be used to indicate a 
reliability for a symbol produced by the estimator. Those 
skilled in the art will also appreciate that for systems 
employing interleaving in conjunction with parallel encod- 
ing as in, for example, the illustrated embodiment of FIG. 2, 
the first and second soft output decoding means 152a, 1526 
may incorporate appropriate interleaving, deinterleaving, 
delay and other clement needed to provide appropriate 
ordering of symbol estimates. Those skilled in the art will 
appreciate, however, that other parallel coding schemes 
which do not require similar interleaving, deinterleaving, 
delay and the like may be used with the present invention, 
for example, the parallel coding schemes described in the 
United States Patent Application entitled "Communications 
Systems and Methods Employing Parallel Coding Without 
Interleaving," now U.S. Pat. No. 5,983,385, to Hassan et al., 
assigned to the assignee of the present application and filed 
concurrently herewith. 

Additional embodiments according to the present inven- 
tion are illustrated in FIGS. 4 and 5. Error detection coding 
means 102 encodes the source sequence 105 according to an 
error detection code, e.g., a cyclic redundancy code (CRC), 
to produce a error detection encoded sequence 103. The 
error detection encoded sequence is then fiirther encoded in 
encoding means 110 and processed in communications 
symbol processing means 120 to produce a communications 
signal 125, for example, as described with respect to FIG. 2. 
Referring to FIG. 5, an apparams 500 for decoding a 
communicated communications signal 135 includes com- 
munications signal processing means 140 which processes 
the communicated communications signal 135 to produce 
first and second received sequences 145a, 1456 as described 
above, which are then decoded in respective first and second 
decoding means 252a, 2526 of the selective recursive 
decoding means 150 to produce symbol estimates 253a, 
2536. To produce a reliability metric to guide reciu-sive 
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decoding in the first and second decoding means 252^^ 252fct, processing apparatus, thus producing a machine which pro- 
symbol estimates 253a, 2S3b are further decoded by error vides means for implementing the functions specified in the 
detection decoding means 254 according to the error detec- flowchart blocks and combinations thereof. The computer 
tion code employed in the error detection encoding means program may cause operational steps to be performed on the 
102 of FIG. 4 to produce reliabihty metrics 256 for the 5 computer or data processing apparatus to produce a 
symbol estimates 253fl^ 253^?. A respective one of the first computer-implemented process such that the instructions 
and second decoding means 252^, 2526 decodes the respec- which execute on the computer or data processing apparatus 
live first and second received sequences 145fl, 1456 accord- provide steps for implementing the functions of the flow- 
ing to the first and second error correction codes to produce chart blocks or combinations thereof. Accordingly, blocks of 
a symbol estimate 253fl, 2536 for a symbol in the source the flowchart illustrations support combinations of means 
sequence 105, augmented by a reliability metric 256 pro- for performing the specified functions and combinations of 
duccd for a previous estimate produced by the other of the steps for performing the specified functions, 
first and second decoding means 252a, 2526. FIG. 7 illustrates operations for communicating a source 
Those skilled in the art will understand the first and sequence of symbols over a communications medium 
second decoding means 252a, 2526 may utilize a variety of 15 (Block 700). The source sequence is encoded according to 
hard decision or soft decision decoders. It will be appreci- respective first and second error correction codes to produce 
atcd that use of the error detection encoding, e.g., a relatively respective first and second encoded sequences (Block 710). 
simple CRC, to generate reliability metrics allows the iUus- The first and second sequences are processed to produce a 
traied embodiment to utilize hard decision decoders which communications signal (Block 720) which is then commu- 
may be less complex than soft decision decoders. However, 20 nicated over a communications medium (Block 730). The 
those skilled in the art will appreciate that soft decision communicated communications signal, which may be sub- 
decoders, for example, the soft output decoders described ject to corruption due to noise, fading and other effects, is 
above may also utilized with the illustrated embodiment. then processed to produce first and second received 
Those skilled in the art will also appreciate that for systems sequences corresponding to the first and second encoded 
employing interleaving in conjunction with parallel encod- 25 sequences (Block 740). The first and second received 
ing as in, for example, the illustrated embodiment of FIG. 4, sequences are then recursively decoded to produce estimates 
the first and second decoding means 252^, 2526 may incor- of a symbol of the source sequence until an estimate 
porate appropriate interleaving, deinterleaving, delay and satisfying a predetermined reliability criterion is obtained 
other element needed to provide appropriate ordering of (Block 750). 

symbol estimates. Those skilled in the art will appreciate. 30 Operations for selectively recursively decoding the first 

however, that other parallel coding schemes which do not and second received sequences according to one aspect of 

require similar interleaving, deinterleaving, delay and the the present invention are Ulustrated in FIG. 8 (Block 800). 

like may be used with the present invention as described, for A first one of the received sequences is decoded according 

example, in the United States Patent entitled "Communica- to the corresponding error correction code to produce a first 

tions Systems and Methods Employing Parallel Coding 35 estimate of a symbol of the source sequence (Block 810). If 

Without Interleaving," discussed above. the first estimate satisfies a predetermined reliability crite- 

FIG. 6 illustrates yet another embodiment of selective rion (Block 820), e.g., has a soft output value within a 

recursive decoding according to the present invention, in predetermined range, the first estimate may be output (Block 

which means for determining a respective signal character- 870). If the first estimate does not satisfy the predetermined 

istic 165 for a respective one of the first and second received 40 reliability criterion, a second one of the received sequences 

sequences 145a, 1456, for example, signal strength deter- is decoded according to its corresponding error code aug- 

mining means 160 for determining a respective signal mented by the first estimate of the symbol, to produce a 

strength for a respective one of the first and second received second estimate of the symbol (Block 830). Those skilled in 

sequences 145a, 1456, is provided to allow for more eflScient the art will appreciate that if the reliability of the first 

decoding. In particular, the selective recursive decoding 45 estimate is questionable, for example, if the first estimate has 

means 150 may use the signal characteristic 165 to deter- a reliability within a predetermined range which may cause 

mine which of the first and second decoding means lS2a, the first estimate to incorrectly bias the second estimate, the 

1526 will first generate an estimate of a symbol in the source second estimate may alternatively be produced by decoding 

sequence 105. For example, by choosing one of the received the second one of the received sequences according to its 

sequences 145a, 1546 having the greater signal strength 50 corresponding error correction code augmented by a prede- 

associated therewith, an estimate of a symbol produced by termined reference value. As with the first estimate, if the 

the corresponding decoding means may have a higher second estimate satisfies the predetermined reliability crite- 

reliabilily, thus potentially allowing a reduction in the num- rion (Block 840), it may be output. Otherwdse, the first one 

ber of decoding iterations required to produce an estimate of the received sequences is decoded again according to its 

having the desired reliability. 55 corresponding error correction code, this time augmented by 

FIGS. 7-10 are flowchart iUuslrations of methods and the second estimate of the symbol, to produce a new 

apparatus for processing a communications signal to pro- estimate of the symbol (Block 850). The reliability of the 

ducc an estimated sequence of infonnation symbols which estimate is tested (Block 860), with new estimates being 

rep resents an estimate of the source sequence of information generated until an estimate satisfying the predetermined 

symbols communicated by the communications signal. 60 reliability criterion is produced. 

Those skilled in the art will understand that each block of the An example of how an output of one decoder can be used 

flowchart illustrations, and combinations of blocks in the to augment a second decoder will now be explained with 

flowchart illustrations, may be implemented with various reference to FIGS. 4 and 5. Assuming systematic encoding, 

commonly used communications system components. It will let x denote information bits of a source sequence 105, y 

also be understood that portions of the operations described 65 denote parity bits produced by the first encoding means 112 

in the flowchart illustrations may be executed as computer and z denote parity bits produced by the second encoding 

program instructions loaded in a computer or other data means 116. At the decoding apparatus 500, a demodulator 
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may produce sequences % and 2, corresponding to x, y, correction code to produce a first estimate of a symbol in the 

and z. The first decoding means 252a processes St and % source sequence (Block 920). If the first estimate satisfies a 

augmented by information from the second decoding means predetermined reliability criterion (Block 930), the estimate 

252b, and the second decoding means 252b processes St and may be output (Block 980). If not, a second one of the 

augmented by information from the first decoding means 5 received sequences is decoded according to its correspond- 

252^?. ing error correction code augmented by the first estimate or. 

In particular, the first decoding means 252a accepts alternatively, a predetermmed re^^^^^ 

sequences St and % in addition to bias information L/^> from estimate of the symbol (Block 940) As with the first 

the second decoding means 2526. The first time the first the new estimate satisfies the predetermined 

decoding means 252^ operates, L/^^ may not be available, lo '^^^}''^^^ criterion (Block 950), it may be output (Block 

and thus may be replaced by a valie "1" for all j. From L/^^ >' estimate is used to generate a new estunate 

the first decoding means 252fl first computes: ^"^^ /""^ l^^- '^''^'''^'^ sequences 

(Block 960), the rehability of which is in turn tested (Block 

970) to determine if further decoding is necessary. 

q^?\0) = 15 TTiose skilled in the art will appreciate that the operations 

(1 + 4^*) of FIGS. 8 and 9 may include other steps, for example, 

interleaving or deinterleaving appropriate to compensate for 

^ J interleaving in the original encoding of the communications 

signal. Those skilled in the art will also appreciate that 

q ^^\i)'i-q 20 additional processing such as additional interleaving, encod- 

^ ^ ' ing or decoding may also be practiced with the present 

The first decoding means 252fl next computes a likelihood invention. 

ratio l/^^ for bit x-: PIG- 1® illustrates a aspect of the present invention 

whereby only selected symbols of the source sequence are 
V n - n - i~i (2) ^5 iteratively estimated. According to this embodiment, opera- 

/ J I I P^^J ' ^^^1 I P^yt^ I 1 ^' tions for decoding the first and second received sequences 

^1) _ j ^ [ (Block 1000) include nonrecursively decoding at least one 

- T— r J— T • second sequences to produce estimates of a 

Z_j I I II * / first group of symbols m the source sequence (Block 1010). 

^ 30 For example, one of the first and second sequences could be 

decoded, for example, by using a signal strength criterion as 
where p(i^^^x^.) and p(yjyjj) may depend on a channel model. described in reference to FIGS. 6 and 9, to produce an 
From the viewpoint of the first decoding means 252fl, a estimate for a symbol from the first group. The symbols from 
value 1/^>>1 indicates that x,-«0 and a value l/^^^l indicates first group might include, for example, less significant 

that x,=l,. The first decoding means 252a' also computes 35 bits of voice or other data. As accuracy may not be parlicu- 
" intrinsic" information larly important for these bits, they may be nonrecursively 

decoded in order to reduce computational overhead. The first 
pi^t I Xi = 0) second received sequences may be selectively recur- 

^' * * r \ ' sively decoded (Block 1020), as described above, to produce 

^ ^' ^' ~ 40 more accurate estimates of a second group of symbols of the 

source sequence, for example, more significant bits of a data 
and "extrinsic" information stream. 

In the drawings and specification, there have been dis- 
^1) closed typical embodiments of the invention and, although 

i^'* = 45 specific terms are employed, they are used in a generic and 

descriptive sense only and not for purposes of limitation, the 
scope of the invention being set forth in the following 
The second decoding means 252b may operate similarly, claims, 
accepting sequences St and ±, as well as bias information L/^^ That which is claimed is: 

from the first decoding means 252a. The second decoding 50 1- An apparatus for decoding a communications signal 
means 252b may compute l/^> and L^^ in the same manner which represents a source sequence encoded according to 
that the first decoding means 252a computes l/^^ and L/^\ respective first and second error correction codes which 
From the viewpoint of the second decoding means 252^ a produce respective first and second encoded sequences 
value l/^^>0 indicates that x«0, and a value l/^^^O indicates which are multiplexed to produce the communications 
that x,-«l. The second decoding means 252b sends extrinsic 55 signal, the apparatus comprising: 

information L/^^ as bias information to the first decoding communications signal processing means for processing 
means 252a. Monotonic functions of the log-likelihood, the communications signal to produce first and second 

intrinsic and extrinsic information may also be used instead received sequences of symbols corresponding to the 

of the above expressions. An example of monotonic function first and second encoded sequences, respectively; and 

is the natural logarithm. 60 selective recursive decoding means, responsive to said 

In a variation on the operations illustrated in FIG. 9, FIG. communications signal processing means, for selec- 

8 illustrates operations (Block 900) for decoding the first and tively recursively decoding the first and second 

second received sequences wherein decoding is guided by a received sequences according to the respective first and 

determination of a signal characteristic for each of the second codes augmented by previous estimates of a 

received sequences, here shown as a signal strength (Block 65 symbol of the source sequence lo repeatedly produce 
910). The received sequence having the greater signal revised estimates of the symbol until a revised estimate 

strength is first decoded according to its corresponding error satisfying a predetermined reliability criterion is 
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obtained, wherein said selective recursive decoding 
means nonrecursively decodes at least one of the first 
and second received sequences according to the respec- 
tive error correction codes to produce estimates of a 
first group of symbols in the source sequence and 
wherein said selective recursive decoding means recur- 
sively decodes the first and second received sequences 
to produce estimates of a second group of symbols of 
the source sequence. 

2. An apparatus according to claim 1, wherein said 
selective recursive decoding means comprises: 

means for maximum likelihood decoding the first 
received sequence to produce a first estimate of a 
symbol of the source sequence and a path metric 
associated therewith; and 

means, responsive to said means for maximum likelihood 
decoding, for decoding the second received sequence to 
produce a second estimate of the symbol if a predeter- 
mined function of the path metric associated with the 
first estimate is outside of a predetermined range. 

3. An apparatus according to claim 1, wherein said 
selective recursive decoding means comprises: 

means for maximum a posteriori (MAP) decoding the first 
received sequence to produce a first MAP estimate of 
a symbol of the source sequence and a reliability metric 
associated therewith; and 

means, responsive to said means for MAP decoding, for 
decoding the second received sequence to produce a 
second estimate of the symbol if the reliabihty metric 
associated with the first MAP estimate is outside of a 
predetermined range. 

4. An apparatus according to claim 1, wherein accuracy is 
of greater importance for information represented by said 
second group of symbols than it is for information repre- 
sented by the first group of symbols. 

5. An apparatus according to claim 4, wherein said source 
sequence includes symbols ranging from a least significant 
symbol to a most significant symbol, and wherein said 
second group of symbols includes symbols of greater sig- 
nificance than symbols included in the first group of sym- 
bols. 

6. An apparatus according to claim 1, wherein said 
selective recursive decoding means comprises: 

means for decoding the first received sequence to produce 
a first estimate of a symbol of the source sequence, the 
estimate having a reliability associated therewith; and 

means for decoding the second received sequence accord- 
ing to the second error correction code augmented by 
the estimate of the symbol of the source sequence to 
produce a second estimate of the symbol if the first 
estimate satisfies a first predetermined reliability 
criterion, and for decoding the second received 
sequence according to the second error correction code 
augmented by a predetermined reference value to pro- 
duce the second estimate if the first estimate of the 
symbol satisfies a second predetermined rehability cri- 
terion. 

7. An apparatus according to claim 6, wherein said first 
predetermined rehability criterion represents a greater reli- 
ability than said second predetermined reliability criterion. 

8. An apparatus according to claim 1, wherein said 
selective recursive decoding means comprises soft output 
decoding means for decoding at least one of the first and 
second received sequences to produce a soft output indicat- 
ing a rehability of an estimate of a symbol of the source 
sequence. 
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9. An apparatus according to claim 8, wherein said 
selective recursive decoding means comprises: 

first soft output decoding means, responsive to said com- 
munications signal processing means, for decoding the 
first received sequence according to the first error 
correction code; and 

second soft output decoding means, responsive to said 
communications signal processing means, for decoding 
the second received sequence according to the second 
error correction code; 

wherein said first soft output decoding means is respon- 
sive to said second soft output decoding means to 
decode the first received sequence according to said 
first error correction code augmented by a soft output 
produced by said second soft output decoding means to 
produce a first estimate of a symbol of the source 
sequence if a previous estimate of the symbol produced 
by said second soft output decoding means fails to 
satisfy a predetermined reliability criterion, and 

wherein said second soft output decoding means is 
responsive to said first soft output decoding means to 
decode the second received sequence according to said 
second error correction code augmented by a soft 
output produced by said first soft output decoding 
means to produce a second estimate of a symbol of the 
source sequence if a previous estimate of the symbol 
produced by said second soft output decoding means 
fails to satisfy a predetermined reliability criterion. 

10. An apparatus for decoding a communications signal 
which represents a source sequence encoded according to 
respective first and second error correction codes which 
produce respective first and second encoded sequences 
which are multiplexed to produce the communications 
signal, the apparatus comprising: 

communications signal processing means for processing 
the communications signal to produce first and second 
received sequences of symbols corresponding to the 
first and second encoded sequences, respectively; and 

selective recursive decoding means, responsive to said 
communications signal processing means, for selec- 
tively recursively decoding the first and second 
received sequences according to the respective first and 
second codes augmented by previous estimates of a 
symbol of the source sequence to repeatedly produce 
revised estimates of the symbol until a revised estimate 
satisfying a predetermined rehability criterion is 
obtained, wherein said selective recursive decoding 
means 

decodes an estimate of the symbol of the source sequence 
according to an error detection code to produce the 
rehability metric for the estimate. 

11. An apparatus according to claim 10, wherein the error 
detection code comprises a cyclic redundancy code (CRC). 

12. An apparatus according to claim 10, wherein said 
selective recursive decoding means comprises: 

first decoding means, responsive to said communications 
signal processing means, for decoding the first received 
sequence according to said first error correction code to 
produce an estimate of a symbol of the source 
sequence; and 

second decoding means, responsive to said communica- 
tions signal processing means, for decoding the first 
received sequence according to the first error correction 
code to produce an estimate of a symbol of the source 
sequence; and 

error detection decoding means, responsive to said first 
and second decoding means, for decoding an estimate 
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produced by said first decoding means or by said 
second decoding means to thereby produce a reliability 
metric for the estimate, 

wherein said first decoding means is responsive to said 
error detection decoding means to decode the first 
received sequence according to said first error correc- 
tion code augmented by a reliability metric produced 
by said error detection decoding means to produce a 
first estimate of a symbol of the source sequence if the 
rehabihty metric produced by said error detection 
decoding means indicates that a previous estimate of 
the symbol produced by said second decoding means 
fails to satisfy a predetermined reliability criterion, and 

wherein said second decoding means is responsive to said 
error detection decoding means to decode the second 
received sequence according to said second error cor- 
rection code augmented by a reliability metric pro- 
duced by said error detection decoding means to pro- 
duce a second estimate of a symbol of the source 
sequence if the reliability metric produced by said error 
detection decoding means indicates that a previous 
estimate of the symbol produced by said first decoding 
means fails to satisfy a predetermined reliability crite- 
rion. 

13. An apparatus for decoding a communications signal 
which represents a source sequence encoded according to 
respective first and second error correction codes which 
produce respective first and second encoded sequences 
which are multiplexed to produce the communications 
signal, the apparatus comprising: 

communications signal processing means for processing 
the communications signal to produce first and second 
received sequences of symbols corresponding to the 
first and second encoded sequences, respectively; and 
selective recursive decoding means, responsive to said 
communications signal processing means, for selec- 
tively recursively decoding the first and second 
received sequences according to the respective first and 
second codes augmented by previous estimates of a 
symbol of the source sequence to repeatedly produce 
revised estimates of the symbol until a revised estimate 
satisfying a predetermined reliability criterion is 
obtained, wherein said selective recursive decoding 
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selectively recursively decoding the first and second 
received sequences according to the respective error 
correction codes augmented by previous estimates of a 
symbol of the source sequence to repeatedly produce 
revised estimates of the symbol until an estimate sat- 
isfying a predetermined reliability criteria is obtained, 
wherein said step of selectively recursively decoding 
comprises noorecursively decoding at least one of the 
first and second received sequences according to the 
respective error correction code to produce estimates of 
a first group of symbols in the source sequence and 
recursively decoding the first and second received 
sequences to produce estimates of a second group of 
symbols of the source sequence. 

18. A method according to claim 17, wherein said step of 
selectively recursively decoding comprises the steps of: 

maximum likelihood decoding the first received sequence 
to produce a first estimate of a symbol of the source 
sequence and a path metric associated therewith; and 
decoding the second received sequence to produce a 
second estimate of the first symbol if a predetermined 
function of the path metric associated with the first 
estimate is outside of a predetermined range. 

19. A method according to claim 17, wherein said step of 
selectively recursively decoding comprises the steps of: 

maximum a posteriori (MAP) decoding the first received 
sequence to produce a first MAP estimate of a symbol 
of the source sequence and a reliability metric associ- 
ated therewith; and 
decoding the second received sequence to produce a 
second estimate of the first symbol if the rehability 
metric associated with the first MAP estimate is outside 
of a predetermined range. 

20. A method according to claim 17, wherein accuracy is 
35 of greater importance for information represented by said 

second group of symbols than it is for information repre- 
sented by the first group of symbols. 

21. A method according to claim 20, wherein said source 
sequence includes symbols ranging from a least significant 
symbol to a most significant symbol, and wherein said 
second group of symbols includes symbols of greater sig- 
nificance than symbols included in the first group of sym- 
bols. 

22. A method according to claim 17, wherein said step of 
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means comprises means for first decoding one of the 45 selectively recursively decoding comprises the steps of: 
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first and second received sequences having a preferred 
signal characteristic associated therewith, 

14. An apparatus according to claim 13, further compris- 
ing means for determining a respective signal characteristic 
for a respective one of the received sequences. 

15. An apparatus according to claim 13, wherein said 
means for first decoding one of the received sequences 
having a preferred signal characteristic associated therewith 
comprises means for first decoding one of the received 
sequences having a greater signal strength. 

16. An apparatus according to claim 15, further compris- 
ing means for determining a respective signal strength for a 
respective one of the received sequences. 

17. A method of decoding a communications signal which 
represents a source sequence encoded according to respec- 
tive first and second error correction codes which produce 
respective first and second encoded sequences which are 
multiplexed to produce the communications signal, the 
method comprising the steps of; 

processing the communications signal to produce first and 65 
second received sequences of symbols correspondiog 
to the first and second encoded sequences, respectively; 



decoding the first received sequence to produce a first 

estimate of a symbol of the source sequence; and 
decoding the second received sequences according to the 
second error correction code augmented by the first 
estimate of the symbol if the first estimate satisfies a 
first reliability criterion, and decoding the second 
received sequence according to the second error cor- 
rection code augmented by a predetermined reference 
value if the first estimate satisfies a second reliability 
criterion. 

23. A method according to claim 22, wherein the first 
predetermined reliability criterion represents a greater reli- 
ability than the second predetermined reliability criterion. 

24. A method of decoding a communications signal which 
60 representing an error detection encoded source sequence that 

is encoded according to respective first and second error 
correction codes which produce respective first and second 
encoded sequences which are multiplexed to produce the 
communications signal, the method comprising the steps of: 
processing the communications signal to produce first and 
second received sequences of symbols corresponding 
10 the first and second encoded sequences, respectively 
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selectively recursively decoding the first and second second codes augnoented by previous estimates of a 

received sequences according to the respective error symbol of the source sequence to repeatedly produce 

correction codes augmented by previous estimates of a revised estimates of the symbol until a revised estimate 

symbol of the error detection encoded source sequence satisfying a predetermined reliability criterion is 

to repeatedly produce revised estimates of the symbol 5 ^^^^.^^^^ ^^^^^^ selectively recursively 

until an estimate satisfymg a predetermmed rehabdity a v - c . a a- p *u r * a 

. . . u* • J u -J . c 1 *• 1 decoding comprises first decoding one of the first and 

criterion is obtamed, wherem said step of selectively , . , ^ ... 

recursively decoding comprises ^^^'"^ '^^'^^^ sequences having a preferred signal 

decoding an estimate of the symbol of the error detec- characteristic associated therewith. 

tion encoded source sequence according to the error lO 27. A method according to claim 26, wherein first decod- 

detection code to produce the reUabiiity metric for ing one of the first and second received sequences having a 

the estimate. preferred signal characteristic is preceded by determining 

25. A method according to claim 24 wherein the error respective signal characteristics for respective ones of the 
detection code comprises a cyclic redundancy code (CRC). g^st and second received sequences. 

26. A method of decoding a communications signal which 15 ^ j j- . i ■ -^^ ^ • /• ^ j 

^ J . J- . 28. A method according to claim 26, wherem first decod- 

represents a source sequence encoded according to respec- . _ , . ^ *^ , ' /. , . , 

tive first and second error correction codes which produce one of the received sequences having a preferred signal 

respective first and second encoded sequences which arc characteristic associated therewith comprises first decoding 

multiplexed to produce the communications signal, the one of the received sequences having a greater signal 

method comprising the steps of: 20 strength. 

processing the communications signal to produce first and 29. A method according to claim 28, wherein first decod- 

second received sequences of symbols corresponding ing one of the received sequences having a greater signal 

to the first and second encoded sequences, respectively; strength is preceded by determining respective signal 

and strengths for respective ones of the received sequences, 
selectively recursively decoding the first and second 

received sequences according to the respective first and ***** 
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